Abstract Retinopathy of prematurity (ROP) is a potentially blinding disease affecting premature infants. ROP is characterized by pathological ocular angiogenesis or retinal neovascularization (NV). Models of ROP have yielded much of what is currently known about physiological and pathological blood vessel growth in the retina. The rat provides a particularly attractive and cost effective model of ROP. The rat model of ROP consistently produces a robust pattern of NV, similar to that seen in humans. This model has been used to study gross aspects of angiogenesis. More recently, it has been used to identify and therapeutically target specific genes and molecular mechanisms involved in the angiogenic cascade. As angiogenesis occurs as a complication of many diseases, knowledge gained from these studies has the potential to impact nonocular angiogenic conditions. This article provides historical perspective on the development and use of the rat model of ROP. Key findings generated through the use of this model are also summarized.
In 1942, Terry first described ROP as a disease of prematurity characterized by retinal neovascularization [1] . In the 1940s, there was an epidemic of blindness resulting from ROP, exposing the need for research focused on the identification and characterization of the pathogenesis of the disease. In 1951, Campbell proposed that the incidence of ROP was tied to the supplemental oxygen administered to premature infants with under-developed pulmonary function [2] . Subsequent studies confirmed the relationship between the clinical use of supplemental oxygen and ROP, and led to the treatment of premature infants with lower fractions of inspired oxygen (FiO 2 ) [3] [4] [5] [6] [7] [8] . However, while this new practice resulted in a decrease in the number of cases of ROP, there was a corresponding increase in the number of cases of hypoxemia-related cerebral palsy and death [9, 10] . Consequently, oxygen given to premature infants was rigorously monitored, improving morbidity and mortality outcomes. As a result of monitored oxygen regimens, the percentage of blindness attributed to ROP in certain patient groups dropped from 50% in 1950 to just 4% in 1965 [11] . The 1970s and 1980s saw a resurgence in the incidence of ROP, due to advances in neonatal intensive care, increasing the survival rates of very low-birth-weight premature infants [12] [13] [14] [15] [16] .
It is estimated that each year 3,400 infants will suffer from ROP-related visual impairments and 650 will be blinded [17] . Thus, there exists a compelling reason to study the pathogenesis of ROP. Animal models are most commonly used for this purpose, but constant refinement of the models is necessary, taking into account emerging information about the pathogenesis of the human condition.
Human ROP: Pathogenesis
The development of retinal blood vessels is altered in infants suffering from ROP. The uterine environment has been shown to have a partial pressure of dissolved arterial oxygen (PaO 2 ) of 30 mm Hg. This physiologic hypoxia effectively stimulates growth factor production, resulting in retinal vascular development. The ex-uterine environment has a PaO 2 of 55-80 mm Hg [18] . This hyperoxic post-natal environment is believed initially to reduce the stimulus for growth factor production and may play a role in the retardation of developmental angiogenesis. This does not present a problem for full-term infants whose retinal vasculature has reached the retinal periphery and is fully developed. Premature infants, however, have an incompletely developed retinal vasculature at the time of birth and hyperoxia further limits vascular development, rendering them susceptible to ROP.
Retinopathy of prematurity is a biphasic disease. The first phase of ROP is characterized by vasoattenuation or the cessation of retinal vascular development. This occurs when the premature infant is born into a hyperoxic post-natal environment, and is worsened by supplemental oxygen therapy. Hyperoxia may be one factor that can slow retinal vascular development. As the vasculature is incompletely developed, it is unable to meet the increasing demands of the developing neuroretina, which leads to retinal hypoxia [19] . This ''physiologic hypoxia'' is made worse when oxygen therapy is terminated [20] [21] [22] [23] . Retinal hypoxia leads to the second phase of ROP, characterized by vasoproliferation and preretinal NV. This preretinal NV predisposes the infant to intravitreal hemorrhages, retinal detachment, and subsequent vision loss.
It should be noted that fewer than 10% of infants with early stages of the disease progress to ''threshold'' ROP. In fact, even if the analysis is limited to infants with ''prethreshold'' disease (abnormal proliferation of blood vessels without rupture of the inner limiting membrane of the retina), threshold ROP develops in only 30-35% of these infants [21] . Remarkably, 65% of preterm infants receiving oxygen therapy develop threshold ROP during the course of therapy (Dale Phelps, personal communication, information derived from the STOP trial; 2004). Therefore, hypoxia resulting from the cessation of oxygen therapy is not the sole determinant of ROP pathogenesis. Developmental timing may regulate the responses of the immature retina to oxygen [24] . Human ROP involves a complex sequence of pathological events with the potential to be influenced by temporal patterns of gene expression as well as environmental factors related to clinical care.
Rat retinal vascular development
Rat retinal development follows a pattern similar to that of the human. As in the human fetus, the rat retina is one of the last tissues to be vascularized. The retinal vasculature derives from mesenchymal precursor cells of the hyaloid artery, and vascularization proceeds in a wave-like fashion, beginning at the optic disk and growing outwards until the vessels reach the retinal periphery. In the human, retinal vascularization is usually complete at the time of birth; in the rat, the process is completed at about post-natal day (P)15 [25] . The retinal vasculature of a newborn rat pup, therefore, resembles that of a preterm infant: largely avascular and highly susceptible to retinopathy. For this, and other reasons, investigators began to explore the use of the rat in modeling ROP pathogenesis.
Experimental models of ROP
In 1954, Patz first demonstrated preretinal NV in rats that had been exposed to a constant level of extreme hyperoxia [23] . Brands et al. also demonstrated abnormal vasoproliferation in rats that had been exposed to hyperoxia, followed by a period of time in room air [26] . Following their failed attempts to reproduce these findings, Ashton and Blach [27] questioned the claims of these investigators, describing their conclusions as ''inadequately substantiated on the evidence provided,'' due to the inconsistent nature of the vasoproliferative response. As a result, the rat model of ROP lost favor and its usefulness was not re-examined until years later.
Between 1988 and 1991, there were three reports of preretinal NV generated in rat models of ROP. At this time, there was not a standard oxygen treatment protocol, and all three investigative teams used a different means of assessing NV. Ricci and Calogero [28] exposed rats to 80% oxygen for the first 5 days of life, followed by room air for 5 days, and described ''marked peripheral retinal neovascularization.'' However, the investigators used ink-perfused, flat-mounted retinas to assess NV. This technique is not a reliable determinant of neovascular pathology. Ink only marks patent retinal vessels. It does not mark the abnormal, nonpatent lumena of neovascular tufts. Additionally, ink can leak from, and obscure, newly developed, fragile vessels. These drawbacks underestimate the extent of vasculopathy, rendering this method unreliable [29] .
Ventresca et al. exposed rats to 80% oxygen for 10 days, followed by room air for 15 days [30] . Of the 20 oxygen-exposed rat pups, 16 demonstrated preretinal NV. This group used cross sections of retinas to assess NV. Similarly, Reynaud et al. [31] presented evidence of preretinal NV in rats raised in 80% oxygen for 6 days, followed by room air for 11 days, but no mention was made of the incidence of NV in their study population. Reynaud et al. stained retinas with ADPase to determine NV. This histochemical method, developed by Flower et al., marks ADPase activity of vascular endothelium and is not dependent on vessel patency [32] . The ADPase stain is a more accurate and reliable determinant of the presence and severity of NV.
Development of the current model
Over time, investigators began to explore the role of oxygen and of factors related to the therapeutic use of oxygen, in the pathogenesis of ROP [21, [33] [34] [35] [36] [37] [38] . The PaO 2 of premature infants can fluctuate rapidly, leading to alternating and severe episodes of hyperoxemia and hypoxemia [39] . Frequently, this fluctuation is related to the infants' underlying disease (e.g., patent ductus arteriosus, apnea, metabolic acidosis, and bronchopulmonary dysplasia), but it may be caused by routine medical intervention [39] . This fact may explain the inconsistencies of previous studies conducted in the rat. It is likely that investigators who meticulously monitored the oxygen level and maintained it throughout the exposure saw little to no neovascular growth [27, 40, 41] , while those who were less concerned with the consistency of oxygen level were more likely to produce NV [23, 26, 28, 30, 31] , due to a fluctuating PaO 2 . In fact, PaO 2 fluctuation is now known to be associated with the development of ROP, in both clinical [42] [43] [44] and animal studies [45] [46] [47] .
Penn et al. were unable to reproduce the work of previous investigators until they began to experiment with systematically varied oxygen protocols. The group exposed some rats to constant 80% oxygen, followed by a period of time in room air. Other rats were exposed to a cycle of 80% oxygen for 12 h, followed by 40% oxygen for the next 12 h, for some number of days, followed by a period of time in room air. At the time of removal from oxygen, both groups of rats demonstrated identical hyperoxia-induced vessel attenuation. None of the rats that received constant 80% oxygen, followed by a period of time in room air, developed preretinal NV. However, 66% of the rats exposed to the 80/40% oxygen exposure developed preretinal NV [48] . This study demonstrated that avascular area is not necessarily correlated with the development of retinal NV and placed in doubt the widely held theory that ''more oxygen means more ROP.'' Variable oxygen protocols more closely reflect the situation in the NICU. In this setting, infants with underdeveloped and improperly functioning lungs Doc Ophthalmol (2010) 120: 3-12 5 suffer from acute pulmonary distress and associated hypoxia. Unfortunately, there is a time lag between the point at which an infant's oxygen saturation falls below the predetermined critical level and the time at which increased oxygen delivery results in an equilibrated return to desired therapeutic levels. Despite a carefully administered oxygen protocol designed to maintain a constant saturation level [49] [50] [51] , premature infants receive a highly variable course of oxygen therapy. These infants are the most likely to develop severe retinopathy, supporting the theory that variable oxygen promotes preretinal NV [35, 48] . Although variable oxygen promotes retinal NV, variations in FiO 2 between 80% and 40% in intrinsically healthy animals with normal lung function do not accurately produce the levels of arterial oxygen that neonates in the NICU experience. In order to more closely mimic the clinical setting, Penn et al. altered the exposure paradigm to vary between 50% and 10% FiO 2 ( Fig. 1 ) [45] , and compared it to the 80/40% paradigm. By varying the oxygen between 50% and 10%, the DFiO 2 remained at 0.4, the same as that experienced by rats exposed to the 80/40% paradigm. This allowed for comparison of the effects of two oxygen protocols with widely divergent FiO 2 values, but identical DFiO 2 . Also, the arterial blood gases measured during the 50/10% paradigm were more reflective of those experienced by a sick premature infant in the NICU. The 50/10% oxygen protocol resulted in a greater retardation of retinal blood vessel development (Fig. 2) during oxygen treatment and led to a higher incidence and severity of NV than did the 80/40% protocol. Ninety-seven percent of the 50/10%-treated rats developed retinal NV compared to only 72% of the 80/40%-treated rats. These data indicate that the development of retinopathy is not due to the amount of oxygen the subject receives. Rather, these data suggest that fluctuating oxygen treatment (FiO 2 ) and ambient retinal hypoxia (low PaO 2 ) contribute to the development of pathology [46] .
Penn et al. then performed experiments to determine what range of oxygen variability would lead to a predictable and relevant NV response [47] . The group exposed rats to alternating 24-h cycles of some level of hyperoxia and 10% oxygen. Hyperoxia treatment consisted of 50%, 40%, 30%, or 21% (room air) oxygen. This led to DFiO 2 measures of 0.4, 0.3, 0.2, and 0.11, respectively, under conditions where absolute hypoxia remained constant. The group demonstrated a linear relationship between DFiO 2 and the degree of retinal avascularity at the time of removal from oxygen treatment; a higher DFiO 2 was correlated with more retinal avascularity. Also, after an appropriate post-exposure period, rats exposed to a DFiO 2 of 0.3 or higher developed NV 100% of the time; rats exposed to a DFiO 2 of 0.2 developed NV 33% of the time; rats exposed to a DFiO 2 of 0.11 never developed retinopathy. This suggested that the minimum threshold for the development of NV is a DFiO 2 of 0.2 (Fig. 3) . The experiment also suggested that retinopathy could be prevented, perhaps even eliminated, by better managing the delivery of therapeutic oxygen, and that extreme oxygen fluctuations and hypoxic episodes in infants may be causal influences in ROP.
The Penn group performed another set of experiments designed to determine the level of hypoxia necessary to produce NV [47] . They exposed rats to alternating 24-h cycles of 50/10%, 45/12.5%, 40/ 15%, and 35/21% oxygen. The DFiO 2 of these four exposures was 0.4, 0.325, 0.25, and 0.14, respectively. The 45/12.5% exposure led to a significantly greater incidence (100%) and severity of disease than did the 40/15% treatment (4.8%), despite the modest difference in DFiO 2 . These findings demonstrated Fig. 1 This schematic illustrates the oxygen exposure protocol used by Penn et al. to compare the initial 40/80% treatment paradigm and the current 50/10% treatment regimen. The litters were placed in incubators within 4 h after birth and the oxygen level was adjusted every 24 h thereafter. After 14 days of variable oxygen, the rats were returned to room air to allow NV to occur. Rats were killed on day 18 and NV severity was assessed [45] that there must be episodes of B12.5% oxygen for the development of NV to occur in rats [52] . This study demonstrates that relatively subtle differences in oxygen fluctuation can have large effects on the resulting NV.
The 50/10% oxygen exposure protocol reliably produces robust NV reminiscent of the NV that develops in human ROP (Fig. 4) . Notably, exposure of newborn rats to the 50/10% protocol results in blood PaO 2 levels that are reasonably reminiscent of those suffered by premature infants in whom ROP develops [47] and produces quantitative changes in the diameter and tortuosity of retinal arterioles that are similar to those seen in clinical ROP exams [53] [54] [55] . Exposure to the 50/10% model retards the growth of both superficial and deep retinal vessels, resulting in an avascular retinal periphery. Removal from oxygen exposure to room air causes neovascular growth at the boundary between vascular and avascular retina. Neovascular tufts can join, resulting in a ridge of preretinal vessel growth that is highly reminiscent of the mesenchymal ridge seen in human ROP. As in the human, the rat retina has been reported to detach under some experimental conditions, in a small percentage of cases [41] . Thus, the 50/10% oxygen exposure regimen developed by Penn et al. has become a significant and relevant model with which to address ROP-related questions, cementing its place in the field of ocular angiogenesis research. The studies by Penn et al. conclusively demonstrated that PaO 2 fluctuation is an important factor related to the development of ROP. Realizing that the temporal aspect of step-wise changes in FiO 2 might limit the relevance of Penn's studies, Cunningham et al. attempted to more closely model the arterial oxygen levels in a preterm infant. The group analyzed the arterial oxygen levels in a preterm infant in whom severe ROP developed. Measurements were taken every minute for the first 14 days of life. These PaO 2 values were translated to the equivalent value in the rat, and a computer-controlled delivery system was devised. This allowed the investigators to subject rats to a more clinically relevant oxygen pattern, where relatively random changes occurred minute-by-minute, and assess its effect on NV pathology [56] . Rats subject to minute-by-minute PaO 2 fluctuations for the first 14 days of life had significantly larger avascular areas than room air controls. Their retinas also demonstrated more VEGF mRNA in the inner nuclear layer compared to room air controls. Importantly, however, the retinopathy produced was not as severe as that produced in rats exposed to a variable oxygen model consisting of 12-h periods alternating between 80% and 21% oxygen. The 80/21%-treated rats demonstrated a much more human-like pathology, exhibiting a larger avascular area and more VEGF mRNA staining in the inner nuclear layer, than did the minute-by-minute-treated rats. McColm et al. have exploited their minute-by-minute exposure system to better define the precise oxygen parameters that are important in ROP outcome [57] .
Prompted by the 1995 study by Penn et al. [47] , the clinical importance of oxygen fluctuation was systematically tested in a retrospective study of premature infants [39] .
Step-wise regression analysis revealed a strong correlation between PaO 2 fluctuation and ROP outcome in a cohort of 231 infants with birth weights of \1500 grams. PaO 2 fluctuation proved particularly important in the progression of infants from prethreshold to threshold disease. This cemented the relationship between oxygen fluctuation and neovascular ROP and underscored the value of the rat ROP model for studies of ROP pathogenesis.
In an effort to more fully characterize the rat model of ROP, Roberto et al. [58] monitored 50/10%-treated rats for the rapid, spontaneous resolution of ocular sequelae after some time in room air, as has been reported in human infants. After 7 days in room air, the group demonstrated that the retinal vasculature began to resume its peripheral outgrowth. After 14 days in room air, the retinal vasculature had reached the retinal periphery. Notably, however, the vessels that reached the periphery after 14 days in room air demonstrated abnormal vessel architecture and decreased vascular density, which improved over time, but never to control levels, even at the longest time point assessed (18 weeks post oxygen-exposure). These findings illustrate additional similarities between the rat model of ROP and the human condition, particularly regarding vascular remodeling and architecture (as shown in the report by Mintz-Hittner [59] ).
Advantages and disadvantages of the rat model
The rat model of ROP confers many advantages over other models, making it an attractive model to test the efficacy of anti-angiogenic compounds, for their eventual use in the eye or in other nonocular pathologies. First, the rat model of ROP most closely approximates the human condition, producing a pattern of pathology reminiscent of human ROP. This sets the rat apart from [75] other animal models of the disease, making it the most clinically relevant model of ROP. There are also welldefined and clinically correlated methods of quantifying retinal NV. In one method, the face of a clock is superimposed onto a flat-mounted retina with each retinal quadrant containing three clock hours. Investigators sum the number of clock hours containing pathology, obtaining a read-out of NV severity. This method is similar to the one used in the clinical setting and much less laborious than the alternative, counting endothelial cell nuclei in transverse sections of the retina. Zhang et al. compared these two methods and demonstrated a highly significant positive correlation [60] . Today, many investigators use computer-assisted image analysis techniques to increase the speed and decrease the subjectivity of assessment. The rat model was the first to use this technology [29] . It should also be noted that the rat model was the first to use fluorescein angiography to monitor the progression of the disease in real time [61] [62] [63] and the first to compare and optimize vessel staining techniques [64] . These techniques, developed and honed in the rat, have furthered our understanding of the pathogenesis of ROP and increased the value of the model as a venue for preclinical tests of efficacy.
Another advantage of the rat model is that stable dams are relatively inexpensive to purchase and maintain. Kittens and puppies are much less economical. Additionally, rat litters can be as large as 18 (approximately twice the size of mouse litters) depending upon strain. Economy aside, large litters are advantageous because they limit the amount of nutrition each pup receives. This adversely affects the health of pups, but it increases the severity of retinopathy. Holmes and Duffner studied vascular development of the retina in rats raised in litters of 10 and 18 [65] . Six days after birth, rats raised in litters of 18 have retinas with 13% less vascular area than the rats raised in litters of 10. Very low-birth-weight premature infants also have incompletely vascularized retinas, and this contributes to, and worsens, the development of retinopathy [39, 66] . Holmes and Duffner went on to demonstrate a direct correlation between increased litter size, decreased body weight, and increased severity of NV [65] . In summary, large, relatively malnourished litters not only contribute to increased NV severity, but also may more closely approximate the conditions experienced by sick premature infants.
Because of these advantages, the rat model has served as the testing ground for numerous antiangiogenic agents, antioxidants, and anti-inflammatory drugs. The rat model has served to test numerous drug delivery methods, including: intraperitoneal, intramuscular, and oral systemic routes; intraocular injections and topical local delivery; novel methods such as the encasement of compounds in liposomes, and the introduction of chimeric proteins. Substantial pharmacokinetics data have been generated to support the use of these methods in the rat.
No animal model of human disease is perfect, and the rat model of ROP has its drawbacks. There exist both strain-and vendor-related differences in susceptibility to NV. Ma et al. demonstrated strainrelated differences in susceptibility to NV using Brown Norway and Sprague Dawley rats and a modified constant oxygen exposure paradigm (developed by Smith et al. for the mouse [67] ). At the time of removal from oxygen, Brown Norway rats had an avascular area approximately four times greater than the Sprague Dawley rats, and 6 days post-exposure, the Brown Norway rats exhibited three times more NV than the Sprague Dawley rats [68] . These findings were confirmed by Zhang et al. who also found that Brown Norway rats exhibited increased vascular permeability relative to Sprague Dawley rats [69] . Additionally, van Wijngaarden et al. observed strain differences in a variety of rats using a 80/21% oxygen paradigm [70] . Similar to the other studies, they found Sprague Dawley rats to have an intermediate susceptibility and neovascular morphology, and also found both Hooded Wistar and Dark Agouti rats to have a 1.5-fold increase in neovascularization measured by the clock hour method. It is likely that strain-related differences in NV pathology are related to strain-related differences in pro-and anti-angiogenic factors such as VEGF and PEDF, as demonstrated in mice [68, 71] . Although informative, these studies were conducted using a model of constant extreme hyperoxia. They failed to use a clinically relevant variable oxygen regimen to investigate the presence of any strain-related differences. Using a modified variable oxygen regimen, Holmes et al. corroborated the above findings, demonstrating that 100% of the Brown Norway rats, but very few Sprague Dawley rats, developed preretinal NV [72] .
There are also vendor-related differences within the same strain of rat. This phenomenon was first [73] . Thus, the susceptibility to, and severity of, NV depend on genetic variation, environment, and oxygen treatment.
Conclusions
The current 50/10% oxygen paradigm is widely accepted as the most clinically relevant model of human ROP. This rat model of ROP has evolved over the past several decades. The development of the model has contributed much of what is currently known regarding the growth of physiological and pathological blood vessels in the retina. More specifically, this model has yielded information regarding the cellular and molecular mechanisms governing ROP pathogenesis and it offers a proven venue for testing the efficacy of anti-angiogenic agents. With technological advances, the rat genome becomes increasingly easier to manipulate, yielding the potential to test the importance of molecular targets without the limitations of pharmacologic methods. Advances in research technology, coupled with the continued refinement of the rat ROP model, will allow it to more accurately reflect the human condition. This will lead to a more thorough understanding of, and better therapeutic management of, ROP and other angiogenic conditions, both ocular and nonocular.
